Children exposed to gestational diabetes mellitus (GDM) in utero are at high risk of developing many health problems such as obesity. There is an urgent need to find new strategies to prevent obesity development among high-risk populations such as those children. Accordingly, the aim of this review was to summarize current knowledge on the postnatal prevention of childhood obesity in offspring born from mothers with GDM. Specifically, this review addresses the impact of breastfeeding, complementary feeding practices as well as dietary intake and physical activity during childhood on obesity risk of children exposed to GDM in utero. Furthermore, breast milk composition of diabetic mothers and its potential impact on growth is discussed. According to the available literature, breastfeeding may reduce obesity risk in children exposed to GDM in utero but a longer duration seems necessary to achieve its protective effect against obesity. Detailed analysis of breast milk composition of mothers with GDM will be necessary to fully understand the relationship between breastfeeding and obesity in this specific population. This review highlights the need for more studies addressing the impact of complementary feeding practices and lifestyle habits during childhood on obesity risk of children exposed to GDM in utero.
Introduction
Gestational diabetes mellitus (GDM) is defined as hyperglycemia with first onset or recognition during pregnancy [1] . Its prevalence range from 1.2 to 22.3% depending on population studied or diagnostic criteria used [2] . According to the International Association of the Diabetes and Pregnancy Study Group, almost 18% of pregnancies are complicated by GDM [3] . This condition leads to an altered fetal environment and children exposed are at high risk of developing many health problems, such as obesity [4] . Childhood obesity is a growing health concern, and there is an urgent need to find new strategies to prevent its development among high-risk populations such as children exposed to GDM in utero. Causes of obesity are multiple, but increasing evidence suggests that infancy could be a critical period during which nutrition would have a programming effect for later health [5] . Furthermore, it is well known that lifestyle habits established during childhood, including physical activity (PA) and nutrition, are also important predictors of childhood obesity risk [6] . This review summarizes the current knowledge regarding the impact of early life nutrition, including breastfeeding and complementary feeding as well as lifestyle habits during childhood on obesity risk of children born from mothers with GDM.
Breastfeeding
Breast milk (BM) is the ideal food for infants as it contains adequate amounts of energy and nutrients to meet infant's needs [7, 8] . Accordingly, the World Health Organization (WHO) recommends that infants should be exclusively breastfed for the first 6 months of life [9] . Moreover, a recent meta-analysis showed that breastfed infants, when compared to those who have never been breastfed, had a 22% risk reduction of developing childhood obesity [10] . Results from another meta-analysis suggested that the association between breastfeeding duration and overweight risk was a dose-dependent association where each additional month of breastfeeding was associated with a decrease in the risk of childhood overweight of 4% [11] . Thereby, while the association between breastfeeding and obesity seems well established among children, impact of breastfeeding on obesity risk among children exposed to GDM in utero is still misunderstood [12] . Indeed, only few studies have been conducted among this population, and the majority of these studies include women with any type of diabetes, not only GDM.
Among these studies, a longitudinal study has been conducted with children exposed to GDM and to type 1 diabetes in utero in order to compare the impact of diabetic BM (DBM) and nondiabetic banked donor BM (BBM) intake during the early postnatal period (1-7 days) on relative body weight at 2 years [13] . All infants in this study received BM from their biological diabetic mother. According to the lactation status of their mother, some of them also received different amounts of BBM. Results showed that infants consuming the highest tertile of DBM had higher relative body weight at 2 years compared to those in the first tertile. On the other hand, consuming the highest amount of BBM was associated with lower body weight at 2 years [13] . However, further investigations within this cohort showed that ingestion of DBM during the 2nd to 4th weeks of life was no longer associated with higher body weight at 2 years, when controlling for intake of DBM in the first week of life [14] . These results suggest that the first week of life could be a critical period for nutritional programing of children born from GDM mothers.
On the other hand, results from cohort studies differ depending on the breastfeeding duration and the age at which outcomes were measured. Firstly, in a prospective cohort study conducted among 324 children exposed to GDM in utero, infants breastfed >3 months had a 45% risk reduction of being overweight at 2-8 years, compared to those breastfed ≤ 3 months [15] . Moreover, Aris et al. [16] demonstrated that in children exposed to GDM in utero those with the greatest DBM intake (during ≥ 4 months) had accelerated gain in weight and BMI in the first 6 months of life, whereas this was not observed for the next 30 months. Another study including women with pre-existing diabetes, women with GDM, and nondiabetic women evaluated if breastfeeding was protective against childhood obesity and whether it attenuated the impact of in utero exposure to diabetes on adiposity at 6-13 years [17] . Children breastfed ≥ 6 months had lower BMI, waist circumference, and visceral and subcutaneous abdominal fat than those who were breastfed <6 months, irrespective of they were born from mothers with or without diabetes. Furthermore, among children breastfed >6 months, there was no difference for all anthropometric measurements between children exposed and unexposed to diabetes in utero [17] . On the other hand, among children breastfed <6 months, those exposed to diabetes in utero had higher BMI, waist circumference, visceral and subcutaneous abdominal fat, and subscapular-to-triceps skinfold ratio compared to those unexposed to diabetes [17] . These results suggest that breastfeeding for at least 6 months could attenuate the impact of in utero exposure to diabetes on adiposity in childhood [17] . Furthermore, data from the same cohort were used to evaluate the impact of breastfeeding on BMI growth trajectory from birth to 13 years among children exposed and unexposed to diabetes in utero [18] . Children exposed to diabetes in utero and breastfed ≥ 6 months tended to have a slower BMI growth velocity from birth to 9 months and from 4 to 13 years compared to those breastfed for a shorter duration [18] . Similar results were seen in children unexposed to diabetes in utero [18] . Moreover, results from the Nurse's Health Study II showed that offspring of mothers with GDM or pre-existing diabetes that were breastfed predominantly, i.e. more BM than formulas, during the first 6 months of life had lower risk of being overweight at 9-14 years when compared to those that had never been breastfed [19] . Any type of breastfeeding for >9 months also decreased overweight risk during childhood when compared to children that had never been breastfed [19] . Finally, a study conducted among Hispanic low-income youth exposed to GDM in utero showed that breastfeeding duration of 12 months seemed necessary to reduce obesity prevalence [20] . Indeed, while children breastfed for ≥ 12 months had a 72% reduction in obesity prevalence at 2-4 years compared to those who were never breastfed, breastfeeding for a shorter duration (<12 months) was not significantly associated with a decreased prevalence of obesity [20] .
Overall, although the majority of studies seems to confer a positive impact of breastfeeding on BMI and adiposity measures (waist circumference, visceral and subcutaneous abdominal fat, and subscapular-to-triceps skinfold ratio) in children exposed to diabetes in utero, the impact of such feeding type on childhood obesity in this population is not known well enough. While any duration of breastfeeding has a positive impact on obesity risk in children born from a nondiabetic mother, longer duration seems necessary to show an effect among children born from diabetic mothers [14, 19, 20] . This difference could possibly be explained by BM composition that is altered by diabetes status but tends to normalize through time among mothers with GDM, as glycemia returns to normal ranges after delivery [21] . Detailed analysis of BM composition will be necessary to fully understand the relationship between breastfeeding and obesity in children exposed to GDM in utero. Furthermore, more studies targeting this specific population, i.e., children exposed to GDM in utero, are needed. Indeed, further studies should include only children exposed to this specific type of diabetes, but not those exposed to type 1 or type 2 diabetes, because effect of diabetes exposure on children's health may be mediated by various mechanisms according to diabetes type [22] . Furthermore, although randomized controlled trials with children receiving either BM or formula is not feasible for ethical reasons, prospective studies should be conducted where BM intake is quantitatively measured and data on complementary feeding practices and other lifestyle behaviors of children are collected.
In addition, several meta-analyses demonstrated that obesity risk among children exposed to GDM in utero is attenuated when maternal BMI is taken into account in analyses [23, 24] . Thus, it has been demonstrated that being born from a mother with both GDM and overweight had the strongest effect on childhood obesity risk, when compared to mothers with only GDM or overweight [25] . The majority of studies in this section adjusted their results for maternal BMI, but some have not, which could lead to divergent conclusions [17, 18, 20] . Finally, birth weight is also considered as a significant predictor of childhood obesity risk [26] . In GDM pregnancy, maternal hyperglycemia leads to fetal hyperinsulinemia, which increases fetal growth and then the risk of being born with a high birth weight [27] . Some authors suggested that the association between exposure to GDM and obesity risk in childhood would be partially explained by elevated birth weight, highlighting the importance to consider this cofactor in analyses [28] . The majority of studies presented in this section adjusted their results for birth weight [13-15, 19, 20] .
Gestational Diabetes mellitus and Breast Milk Composition
Benefits of breastfeeding on children's health are likely due to the unique composition of BM, a particular food that cannot be entirely replicated in formulas. As mentioned above, breastfed infants present a lower risk of developing obesity when compared to formula-fed infants, and this could be explained in part by protein and energy content that is lower in BM than in formulas [8, 29] . Furthermore, BM contains growth factors and hormones involved in appetite regulation [30] . However, DBM composition differs from BM of healthy mothers, suggesting that this altered BM composition could possibly affect children's growth and health.
Some studies showed that DBM contains higher glucose and lower lipid levels than BM of nondiabetic women, although protein and calorie content does not seem to be altered by maternal diabetes status [31] [32] [33] . Women with a pregnancy complicated by type 1 diabetes but with a good glycemic control during lactation would have similar concentrations of cholesterol, triglycerides, lactose, protein, and glucose as well as a similar fatty acid profile in their BM than women without diabetes [34] . We can speculate that composition of BM of women with GDM (GDMBM) would also depend on glycemic control, much like that in type 1 diabetic mothers. Moreover, considering that glycemia of women with GDM generally returns to normal ranges progressively after delivery [35] , the timing of GDMBM collection is likely to influence its composition.
Among the few studies that have been conducted among women with GDM, one of them showed that colostrum of GDM mothers presented an altered whey proteome [36] . Another study showed no major difference regarding amino acid content of GDMBM when compared to BM of nondiabetic women [37] . Further studies are needed to understand the impact of these findings on children's health.
Some studies also evaluated hormone content of GDMBM in the past few years. Firstly, Ley et al. [38] showed that metabolic abnormalities during pregnancy, including insulin resistance, lower insulin sensitivity or glucose intolerance, but not GDM diagnosis, was associated with high insulin content in BM collected at 3 months postpartum. Furthermore, Aydin et al. [21] studied ghrelin levels in GDMBM, a peptide hormone involved in energy balance and known for increasing appetite [39] . Aydin et al. found that colostrum of mothers with GDM had lower levels of ghrelin than did mothers without GDM [21, 40] . However, in mature milk (15 days postpartum), ghrelin levels were similar in both GDMBM and BM of nondiabetic mothers, but remained lower in women with pre-existing diabetes included in that study [21] . Considering that GDM mothers were normoglycemic at day 15 and that participants with pre-existing diabetes had high glycemic values at day 15, this suggests that ghrelin levels in BM may depend on the glycemic control of these mothers. Besides being involved in energy homeostasis, ghrelin level has been negatively associated with weight gain in infancy, suggesting that children exposed to lower levels of ghrelin from colostrum of mothers with GDM could possibly have a lower weight gain in early life [41] .
Aydin et al. [40] also evaluated nesfatin-1 concentration in GDMBM, a peptide derived from the precursor peptide nucleobindin 2 which has anorexigenic effects and reduced weight gain in rats [42] . The authors found that colostrum of GDM mothers contains significantly less nesfatin-1 than did colostrum of non-GDM mothers and that nesfatin-1 concentration in mature BM was lower in GDM mothers, but the difference did not reach statistical significance, possibly due to a normalization of their glycemia through time [40] . Thus, infants exposed to BM containing a lower nesfatin-1 concentration in the first week of life could be hungrier and therefore drink more BM than infants fed with normoglycemic BM. In fact, it has been demonstrated that plasma nesfatin-1 concentration was negatively correlated to caloric intake in newborns and that caloric and carbohydrate intakes tend to be higher in obese patients with lower circulating nesfatin-1 levels [43, 44] .
The same group of investigators evaluated adropin and irisin concentrations in GDMBM. Adropin is a peptide hormone, encoded by the energy homeostasis-associated gene ( Enho ) that is involved in the regulation of metabolic homeostasis in mice [45, 46] . Aydin et al. [47] found that women with GDM had lower adropin concentrations in their colostrum than women without GDM, but that adropin levels were not different in transitional (7 days postpartum) and mature milk between groups. It has been demonstrated that adropin deficiency is associated with higher body fat mass in mice, suggesting that being exposed to lower levels of adropin from GDMBM may also lead to an increased body fat mass in children , as in mice [46] . Furthermore, irisin is a myokine involved in thermogenesis by inducing conversion of white adipose tissue into brown adipose tissue [48] . Aydin et al. [47] found that colostrum and transitional milk of GDM mothers had a lower irisin concentration than those of control mothers, but irisin levels were similar between groups in mature milk. Exposing infants to lower irisin levels at the very beginning of life could result in less thermogenesis and therefore in a higher body fat mass. Finally, microRNAs are posttranscriptional regulators of gene expression that are involved in many biological phenomena, e.g. insulin secretion [49, 50] . Altered microRNA expression has been detected in some pathologies, including GDM in which the altered microRNA signature may contribute to macrosomia in the offspring [51] . Given that BM is rich in microRNAs and that those components are transmitted to the breastfed infant via the digestive tract [52, 53] , it would be interesting to characterize microRNA content of GDMBM in order to better understand the effect of breastfeeding on growth of children born from mothers with GDM.
In conclusion, GDMBM presents several alterations that could possibly affect offspring growth but seems to be normalized after only a few weeks, probably, at least in part, due to normalization of glycemia. These findings point to potential mechanisms involved in the beneficial effect of longer duration of breastfeeding for children exposed to GDM on obesity risk. Nevertheless, these suggested mechanisms still need to be investigated, and more studies are needed to fully understand their impact on children's health.
Complementary Feeding
As mentioned earlier, the WHO recommends that infants should be exclusively breastfed for the first 6 months of life [9] . After this period, infants are physically ready to receive complementary foods, i.e. solid foods and liquids other than BM and formulas [54] . Despite this recommendation, a recent study conducted in Canada showed that only 19% of mothers waited until 6 months to introduce complementary foods [55] . The complementary feeding period is characterized by an increase in protein intakes, especially in breastfed infants [56] . Indeed, 5% of BM energy content is provided by proteins, while protein content of family foods is generally 3-4 times higher [56] . Given that high protein intake in early life is associated with higher BMI at 2 years, introducing complementary foods rich in protein at young ages could possibly affect the growth trajectory of children [57] . On the other hand, less is known about the impact of early introduction of sugar on obesity risk [58] . However, it has been suggested that added sugar intake during infancy enhances taste preference for sweet foods and may therefore affect diet quality later in life [59] , an important determinant of obesity development. Finally, it has been suggested that introducing solid foods in the infant's diet increases caloric intake, especially in formula-fed infants [60] . Indeed, breastfed infants self-regulate their intakes when solid foods are introduced, a notion that was not observed among formula-fed infants who were consuming significantly more calories per day in the first 8 months of life when solid foods were introduced before 13 weeks, compared to those introduced to solids after 22 weeks [60, 61] . Thus, the complementary feeding period is a time of transition and could have a significant impact on children's later health.
Whether the timing of complementary food introduction influences obesity risk is still a matter of debate, and, to our knowledge, no study has been conducted specifically among children exposed to GDM in utero, neither among children exposed to diabetes in utero. Two recent systematic reviews [62, 63] showed no evidence that timing of introduction of solid foods influences growth in children. On the other hand, another literature review [64] showed that introducing solid food before 4 months was associated with higher risk of developing childhood obesity, although introducing solids between 4 and 6 months instead of waiting until 6 months does not seem to be associated with obesity development. Conflicting results can possibly be explained by many factors such as heterogeneity in the definition of early food introduction, the fact that outcomes are observed at different stages of childhood, and lack of consideration of important confounding factors such as breastfeeding, maternal BMI and birth weight. Further studies should be conducted, especially among children exposed to GDM in utero who are at high risk of developing obesity later in life [4] . Studies should take into account quantity and quality of foods introduced to children as different food components may have different effects on obesity development [57, 59, 65] .
Dietary Intake and Physical Activity during Childhood
After infancy, childhood is an important period during which lifestyle shaping can track into adulthood [66] . Among lifestyle behaviors, it is well established that both healthy diet and PA have a strong impact on obesity prevention in children [6] , but little is known on the impact of those behaviors on the health of children born from mothers with GDM.
We know that food intake, energy expenditure, and resting metabolic rate are similar among children exposed and those unexposed to GDM or diabetes in utero [67] [68] [69] [70] . Indeed, in a study conducted among Pima Indian children, those born from diabetic mothers consumed the same amount of calories per day than those born from mothers who developed diabetes after pregnancy [70] . Furthermore, according to results from the CHASE study, children born from women with GDM or type 1 diabetes had the same dietary pattern than children unexposed to diabetes in utero, except for orange juice consumption which was slightly lower in children born from diabetic mothers [69] . To our knowledge, only one study has specifically measured the impact of lifestyle behaviors on obesity risk in children exposed to GDM in utero. In that study, Zhang and collaborators [71] showed that TV watching time > 1 h/day was associated with increased risk of obesity and central obesity in a population of children aged 1-5 years born from mothers with GDM in China. However, they found no association of indoor activity, outdoor activity, and sleeping time with the risk of obesity or central obesity [71] .
Furthermore, few studies conducted secondary analyses on this topic and showed conflicting results. First, Crume et al. [72] showed that BMI and waist circumference were higher in children exposed to GDM in utero compared to children unexposed even when adjusting for current behavioral confounders such as daily energy intake or PA level. Another study also demonstrated that exposure to high maternal glucose levels during pregnancy was correlated to current adiposity of children aged 5-10 years independently of current energy intake and PA level of children [73] . Gillman et al. [28] found that the relative risk for overweight in adolescence remained unchanged when adjusting for PA, energy intake, and television watching in children exposed to GDM. Finally, Zhao et al. [74] showed that BMI z score, waist circumference z score, and body fat z score were higher in children born from mothers with GDM than in those unexposed to GDM in utero, even after adjusting for lifestyle habits such as unhealthy diet pattern scores, PA level, sleeping time, and sedentary time. However, associations were no longer significant after adjusting for current maternal BMI [74] . On the other hand, a sibling study where exposure to the environment -such as lifestyle -was similar showed that there was no difference in BMI between siblings exposed versus those unexposed to GDM in utero [75] . These results suggest that the environmental influence of lifestyle habits has a stronger influence than intrauterine exposure to GDM in the development of obesity in children, because siblings generally have similar lifestyle habits [75] [76] [77] .
Overall, results suggest that food intake and PA levels are similar among children exposed versus those unexposed to GDM, but the impact of such behaviors on obesity risk among these high risk children is still unknown. Further research addressing directly the question is needed.
Conclusion
Considering that children exposed to GDM in utero represent a subgroup at high risk of developing obesity, prevention strategies targeting modifiable factors among this specific population are needed. This review highlights the lack of studies conducted among children exposed to GDM in utero as the majority of the studies presented include children born from mothers with any type of diabetes. As different types of diabetes can have different impacts on children's health [22] , more studies targeting this specific population are needed.
Overall, this review showed that breastfeeding may reduce childhood obesity risk in children exposed to diabetes in utero, but longer duration is needed to achieve the protective effects of BM against obesity. More studies are required to examine GDMBM composition and its effects on obesity risk in their offspring. In addition, more studies are needed on the association between timing of solid food introduction and obesity risk as well as on the effect of childhood lifestyle habits on obesity risk among children exposed to GDM in utero. Studies should also take into account maternal and paternal BMI in addition to birth weight when assessing the association between early nutrition or lifestyle habits and obesity risk in childhood due to their impact on this outcome.
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